Objective: This study examined the effectiveness of prospective stratification to identify and target high-dose glucocorticoid therapy for subjects developing lethal sepsis.
S tandard protocols for sepsis treatment, relying on broadspectrum antibiotics, fluid resuscitation, and ventilation, have remained essentially unchanged for the last three decades. Although decreased mortality has been observed with early goal-directed therapy and activated protein C (1), aggressive anti-inflammatory trials, either in the form of corticosteroid-based therapy (2) (3) (4) (5) or more recent specific anticytokine approaches (6) , not only failed to improve survival but some were even associated with increased mortality (7) . Corticosteroids have a long history in the therapy of sepsis, beginning with the landmark study by Schumer (8) , which showed a 30% improvement in survival after early dexamethasone (DEX) and prednisolone treatment in patients with septic shock. However, subsequent clinical trials contradicted the original findings by showing that high-dose glucocorticoids did not improve outcome in septic patients (3, 4, 9, 10) . It should be noted that low-dose steroids were reintroduced as an adjunctive therapy in patients with adrenal insufficiency (11) .
There is a growing consensus that appropriate therapy for sepsis cannot rely on the "magic bullet" paradigm where specific, targeted therapy directed against a single mediator will be successful. Two major immune conditions proposed to coexist during the course of sepsis, the systemic inflammatory response syndrome and the compensatory antiinflammatory response syndrome, emphasize that sepsis constantly fluctuates (12) . Thus, successful treatment needs to be frequently adjusted based on the patient's current immunoinflammatory status. Statistical analysis suggested that the failure of the anticytokine trials may have been related to heterogeneous patient populations, because cohorts with the highest mortality risk were more likely to benefit from anti-inflammatory interventions (13) . Using inflammatory cytokines as biomarkers, we developed an approach that allows accurate mortality prediction in the cecal ligation and puncture (CLP) model of murine sepsis (14, 15) . To verify this approach in a scenario of targeted treatment, we hypothesized that nonspecific corticosteroid (DEX) suppression of inflammation in subjects predicted to die (P-DIE) would improve survival, whereas the identical treatment applied to animals predicted to live (P-LIVE) will produce little benefit.
MATERIALS AND METHODS
Animals. Eighty-eight female CD-1 mice (Harlan-Sprague Dawley, Indianapolis, IN) with an average weight of 22 g were used. Experiments were in accordance with the National Institutes of Health guidelines and the University of Michigan Animal Care and Use Committee.
Sepsis Model. The murine model of CLP used in this study constitutes arguably the best surrogate for abdominal polymicrobial human sepsis to date (16) . To generate approximately 50% mortality during the early sepsis phase, the 18-gauge needle size and double cecal puncture were used. We followed the original CLP protocol introduced by the Wichterman and co-workers (17) with modifications including analgesia (buprenorphine) and antibiotic therapy (Imipenem) (18) . The experimental reproducibility was assured by performing CLP in small sets of animals (n ϭ 9 -10) at a time and combining the results of eight separate experiments for this study.
Sampling. To collect peripheral blood, the distal tail was clipped (ϳ2 mm) and 20 L of blood was drawn into a pipette tip rinsed with EDTA (169 mM tripotassium salt). Mice were not killed at the time of sampling. Blood was collected 6 hours after CLP and at 24-hour intervals for the first 5 days or until death. The last individual cytokine measurement represents an animal that died within 24 hours after sampling. Samples were immediately diluted (1:10) in phosphate-buffered saline with a 1:50 dilution of EDTA, centrifuged (5 min/1000g at 4°C), the diluted plasma removed, and stored at Ϫ20°C until analysis.
Hematology. Following blood collection, the cell pellet was immediately resuspended in 480 L of Hemavet solution (CDC Technologies, Oxford, CT). A complete blood count including differential and platelets was performed in a Hemavet 1500 (CDC Technologies).
Prospective Stratification. The classification of relevant subjects was performed by dividing all animals into either P-LIVE or P-DIE mice within 48 hours based on the circulating level of interleukin (IL)-6 at 6 hours after CLP. We elected to simultaneously measure the IL-1 receptor antagonist (ra) percentile method concentration as a safeguard against a failed IL-6 assay. Because all assays were successful, only IL-6 was used as a primary predictor at each of the eight independent experiments. The selected IL-6 cutoff for separation into P-LIVE or P-DIE was established previously (14) at 26 ng/mL. The 6 hours post-CLP time point was selected for blood sampling and subsequent stratification of animals because this precedes the period of highest mortality (14, 15, 19) .
Corticosteroid Treatment. A water-soluble DEX (cyclodextrin encapsulated; Sigma, St Louis, MO) was given twice intraperitoneally in the supraphysiologic dose of 2.5 mg/kg of body weight 8 and 32 hours after CLP. DEX in a similar dose elicited strong anti-inflammatory properties in another murine CLP model of sepsis when given 15 minutes after surgery (20) .
Rapid Enzyme-Linked Immunosorbent Assay. The rapid enzyme-linked immunosorbent assay for IL-6 (and IL-1ra) was based on standard enzyme-linked immunosorbent assay methodology using commercially available matched antibody (Ab) pairs (R&D Systems, Minneapolis, MN) as detailed elsewhere (21) . The rapid assay followed a classic format with several modifications to accelerate the detection process. The capture Ab (50 L/well) was used in a concentration of 3000 ng/mL (in dilution buffer). The next day, the plate(s) was blocked with the custom-made laboratory blocking buffer composed of wash buffer (80% phosphate-buffered saline, 19% distilled deionized water, and 1% Tween 20) with 2% bovine serum albumin and incubated at 37°C for at least 1 hour. Next, the plate was rapidly washed (total three cycles) with the warm wash buffer from a squirt bottle. Standard serial dilutions were prepared in the dilution buffer (as above) with 2% fetal calf serum. Standards and samples were then incubated for 20 minutes with intense (240 rpm) shaking at 37°C. After washing (as above), the detection Ab was used at the concentration of 300 ng/mL (in dilution buffer). The plate was then incubated 20 minutes at 37°C and streptavidin (streptavidine [conjugated]-horseradish peroxidase diluted in the laboratory buffer) was added for 20 minutes at a final concentration of 1:10,000. All consecutive steps followed the regular enzyme-linked immunosorbent assay protocol (21) .
Microarray Immunoassay. The microarray immunoassay used has a capacity to simultaneously measure 21 murine cytokines in 20 L of blood (22) . In the microarray immunoassay technique, the primary (capture) Ab against selected cytokines are spotted on nitrocellulose pads affixed to glass slides as detailed elsewhere (22) . The 24-hour time point (post-CLP) was selected, because it was characterized by the highest single-day mortality and simultaneously highest expression of circulating cytokines (14) .
Statistical Analysis. A receiver operating characteristic analysis was used to evaluate the prognostic accuracy (defined by the area under the curve) of the analyzed cytokines (Table 1) and to determine the sensitivity and specificity for prediction of death, at selected cytokine cutoff values. The 95% confidence intervals for the area under the curve values were estimated using the adjusted bootstrap percentile method to obtain more accurate intervals (23) . The accu- DEX without stratification did not confer any survival benefit (A). When animals predicted to live were treated with DEX (B), their survival was essentially not altered. In mice predicted to die, DEX treatment resulted in a 40% survival. Additionally, death in the nonsurvivors was markedly delayed in comparison with saline-treated counterparts (C); n ϭ 88. All survival comparisons were made by the log-rank test and p values were derived from one-tailed tests. a Sensitivity and specificity were chosen based on cutoffs favoring specificity to avoid inclusion of animals with low risk of death into the dexamethasone treatment subgroup; b area under the curve defines value of the given marker as a diagnostic test for outcome; c calculated based on the data from Osuchowski et al (14) . racy of the receiver operating characteristic area under the curve test is as follows: 0.9 -1 ϭ excellent, 0.8 -0.9 ϭ good, 0.7-0.8 ϭ fair, and 0.6 -0.7 ϭ poor.
Animals were monitored for 28 days for all-cause mortality. Kaplan-Meier 7-day and 28-day survival curves (Figs. 1 and 2, respectively) were plotted using Prism 4 (GraphPad Software, San Diego, CA). One-tailed p values (by the log-rank test) used to compare groups are depicted along the graphs. One-tailed significance tests were used, given the preexperimental directional hypotheses that P-DIE DEX-treated mice would have a longer median survival than their P-DIE salinetreated counterparts, and that the P-LIVE DEX-treated mice would have a shorter median survival than the P-LIVE saline-treated subgroup. Given the nonsignificant (p ϭ 0.14) decrease in survival in the 7-day follow-up period in DEX-treated P-LIVE mice (in comparison with P-LIVE saline-treated mice), a power analysis by StatMate 2.0 (GraphPad) estimated the group size at which this effect would reach statistical significance. Approximately 450 mice would have been needed to reach significance with 95% power and an alpha level of 0.05.
Before analysis, blood differential and cytokine variables were examined for normality. All cytokines, except macrophage inflammatory protein (MIP)-1␣, were found to be highly skewed, and thus were analyzed on the natural log scale. The log transformation (rather than nonparametric tests) was selected, because it provided a correction for the unequal variances and the frequent outlying high values. MIP-1␣ and blood differential values (normally distributed) were analyzed on the original scale. Blood differential variables ( Fig. 4) were analyzed using a one-way analysis of variance model fitted at each time point (6, 24 , and 48 hours post-CLP) rather than using repeated-measures analysis of variance across all three time points. The one-way analysis of variance model was used given that the differences between groups (not the time trends in separate groups) were the primary end points and given the reduction in sample size across time related to the treatment scenario.
A one-way analysis of variance model was fitted to compare the mean cytokine levels (Figs. 5 and 6) for the four subgroups of mice (P-LIVE DEX treated, P-LIVE saline treated, P-DIE DEX treated, and P-DIE saline treated) on the appropriate log transformed or original scale. For each analysis, homogeneity of variances was checked using Levene's test, with ␣ ϭ 0.10. Post hoc tests to compare means for each cytokine were carried out using either the Bonferroni method (equal variances by Levene's test on natural log: IL-1ra, 2, 5, 6, 12, 10, 18, MIP-2, eotaxin, interferon-␥, monocyte chemoattractant protein-1, tumor necrosis factor [TNF]-␣, TNF soluble receptor (SR) I, and II) or the Tamhane method (unequal variances by Levene's test on natural log: IL-1␤, IL-13, keratinocyte-derived chemokine). Data are represented as the mean Ϯ standard error of the means wherever applicable. All tests were carried out using SPSS 15.0 (SPSS, Chicago, IL).
RESULTS

IL-6 and IL-1ra Accurately Predicted Outcome in Acute Sepsis (First 5 days).
Using the murine CLP-induced sepsis model, we have reported that IL-6 as well as anti-inflammatory markers accurately predict outcome in both the acute (14) and chronic (15) phases of sepsis. On the basis of the circulating levels of IL-6 measured at 6 hours after initiation of sepsis and using a previously established cutoff, we separated animals into subpopulations of either high or low risk of death. In this study, both IL-6 and IL-1ra showed high accuracy and reproducibility for predicting mortality (within 48 hours of measurement) as defined by receiver operating characteristic analysis. When data from our previous study (14) were analyzed using the cutoffs and prognostic time frame as in this study, both the previous and current IL-6 and IL-1ra area under the curve scores were comparable (Table 1) .
Dexamethasone Improved Survival only in the Subpopulation Predicted to Die. A total of 88 genetically heterogeneous CD-1 outbred mice were subjected to CLP. The acute phase of sepsis (defined as the period from day 1 to 5 after CLP) was selected for intervention, because early deaths are hypothesized to be due to excessive systemic inflammatory response syndrome-type inflammation (12, 24, 25) , making inhibition of the exuberant immunoinflammatory response the most rational treatment tactic.
Short-Term Survival (7 days). Without prospective stratification, i.e., only comparing survival in all DEX-treated mice to saline-treated mice, DEX did not improve survival over the first 7 days (Fig. 1A) . Survival curves in both DEX and saline groups were virtually superimposable. Before analysis, mice were divided into two groups: P-LIVE (n ϭ 69) and P-DIE (n ϭ 19) within the next 48 hours. DEX given to half of the P-LIVE subgroup did not significantly increase mortality compared with the other half of saline-treated P-LIVE mice (Fig. 1B) . A trend toward increased mortality with corticosteroid therapy was observed between days 2 and 5 (Fig. 1B) .
Conversely, administration of DEX in the group of mice P-DIE resulted in survival improvement (Fig. 1C ). After two treatments with DEX, 40% (4 of 10) of mice P-DIE actually survived for the next 7 days, compared with 11% (1 of 9) survival in the saline-treated P-DIE animals. Furthermore, there is a marked difference in the time of death between either of these two subgroups: the deaths in four of six of P-DIE DEX-treated mice were delayed an additional 24 -48 hours in comparison with saline-treated counterparts (Fig. 1C) .
Long-Term Effect (28 days) . Although the deaths are most frequent during the first week of sepsis, mortality continues beyond day 7 in both human (6, 26) and experimental sepsis (14, 15 ). An increased mortality rate during the late phase of sepsis could easily annul the improved survival achieved in the early phase of the experiment. During the 28-day monitoring, similar to the initial 7-day period, DEX treatment without stratification did not lead to any improvement in survival compared with that in saline-injected mice ( Fig. 2A) . After stratification, the P-LIVE group did not show any changes in survival between DEX and salineinjected groups. However, in the P-DIE group, DEX therapy provided a substan- tial improvement in 28-day survival (Fig.  2B ). The initial (7 days) beneficial effect of early DEX treatment had a long-lasting effect: none of the rescued mice succumbed to sepsis (or any other complications) in the late phase of sepsis, preserving the 40% survival rate to the end of the study at day 28 (Fig. 2B) . These results show that the prospective separation of the entire population into groups based on a lethal inflammatory response (as indicated by IL-6) enabled the DEX treatment to be effective and long lasting. Equivalent Intensity of Inflammation in DEX and Saline-Treated Groups. It is possible that the beneficial effects of a tested substance can be distorted by an unbalanced distribution of subjects enrolled in the drug and placebo subgroups. Because IL-6 was used to stratify animals, we retrospectively examined the data to ensure that selection bias did not occur. Circulating levels of IL-6 obtained 6 hours after the onset of CLP, and before DEX therapy, showed that the severity of inflammation was similar in those mice assigned to receive DEX therapy or saline (Fig. 3A) . This was true for both groups of P-DIE and P-LIVE mice. We also verified the actual IL-6 distribution of individual mice in the P-DIE group, because DEX provided a significant benefit to this cohort. Figure 3B shows that the distribution of data points in both groups (treated or not treated) was virtually identical and that animals rescued by DEX were not necessarily the ones with the lowest IL-6 levels.
A conservative IL-6 cutoff level was used for this study (26 ng/mL). Retrospective evaluation of the data showed that no untreated animal with a 6 hours IL-6 concentration exceeding 16 ng/mL ever survived (Fig. 3C) . The "buffer-zone" between 16 and 26 ng/mL (10 ng/mL) ensured that animals with a potentially nonlethal response were not erroneously included for the immunosuppressive treatment that might have worsened their outcome and vice versa.
Dexamethasone did not Alter Short-Term Systemic Leukocyte Profiles. In both humans and laboratory animals, corticosteroids cause transient (up to 24 hours) lymphopenia and neutrophilia (27) . These characteristic effects were absent in this study: approximately 15 hours after the first DEX injection (24 hours post-CLP time point), the lymphocyte ( Fig. 4A ) and neutrophil (Fig. 4B ) counts in both the treated and not treated groups were virtually identical (both the P-DIE and P-LIVE subpopulations). In all animals, there was a CLP-induced gradual decrease in the levels of red blood cells, hemoglobin, and platelets (up to 48 hours), and the rate and degree of this decline was identical for all subpopulations (data not shown). Overall, these results imply that the DEX-induced improvement of survival was not mediated by substantial changes in the levels of circulating leukocytes.
Systemic Proinflammatory Cytokines Unresponsive to Dexamethasone at 24 hours Post-CLP. Detectable levels of TNF-␣ and IL-1␤ and other proinflamma-tory cytokines have been reported in a number of studies investigating both clinical and experimental (14, 19, 28) sepsis. However, the effects of corticosteroid treatment upon the immunoinflammatory profile in CLP septic mice are unknown. Plasma levels of multiple cytokines were measured 24 hours post-CLP, the time point where all treated mice would have been exposed to DEX for approximately 15 hours. Surprisingly, DEX treatment did not significantly decrease any of the plasma concentrations of the proinflammatory cytokines (Fig. 5, A-D) or chemokines (Fig. 5, E-H) . This lack of DEX-related cytokine suppression in the systemic circulation was present both in the P-DIE and P-LIVE subpopulations of mice. This failed cytokine suppression was not due to the inadequate immunosuppressive activity of the DEX because its administration (2.5 mg/kg) 2 hours before an endotoxin challenge (Esche- To examine the actual distribution of individual subjects in the subgroup where a significant benefit of DEX treatment was observed, all individual IL-6 concentrations from the animals predicted to die were plotted. In both treated and not treated subjects, the IL-6 levels were clustered in a nearly identical manner (B). B also shows that animals saved by DEX were not the ones with the lowest IL-6 levels. C depicts the distribution of all individual IL-6 concentrations taken from mice classified as predicted to live that were either alive or dead at day 28. Note that our prediction model is valid only for the first 5 days of sepsis, not for the entire 28 days of study. richia coli type O111:B4, 10 g/mouse, intraperitoneal) significantly reduced plasma levels of IL-6, TNF-␣, MIP-1␣, and MIP-2 at 2 hours post-lipopolysaccharide (data not shown).
Among these circulating biomarkers, there was a clear difference between subpopulations separated based on the predicted outcome and not the treatment criterion (Fig. 5 ). In all these cases, cytokine levels of P-DIE mice were higher than those recorded in their P-LIVE counterparts. This difference was most prominent in IL-6 (six-fold; compared between saline-treated P-DIE and P-LIVE groups), keratinocyte-derived chemokine (2.5-fold), and MIP-2 (2.5-fold). These results demonstrate the strong correlation of these cytokine mediators with acute sepsis mortality and underscore their previous (18, 22) relevance in predicting short-term outcomes.
We also examined circulating levels of IL-5, 12, 13, 18, eotaxin, IFN␥, and MIP-1␣ at the 24-hour time point and there were no significant differences between the DEX and saline groups when they were separated based either on the treatment/no treatment or prediction of outcome criterion (data not shown). Overall, these results show that the improvement of survival evident in mice P-DIE and treated with DEX did not occur through inhibition of circulating proinflammatory cytokines and chemokines.
Dexamethasone Fails to Alter Systemic Anti-Inflammatory Cytokines 24 hours Post-CLP. We also evaluated circulating levels of anti-inflammatory cytokines, because IL-1ra and IL-10 have been correlated to severity and outcome of clinical sepsis (29, 30) . In the CLP sepsis model, the anti-inflammatory response after injury occurs simultaneously with the early release of proinflammatory mediators (14) . As in the case of proinflammatory mediators, DEX treatment did not significantly modulate systemic levels of IL-1ra, IL-10, TNF-SR I, or TNF-SR II anti-inflammatory mediators (Fig. 6, A-D) . These results are not surprising, because corticosteroids have limited influence upon anti-inflammatory signaling, although posthydrocortisone reduction of circulating IL-10, TNF SR I, and II levels was reported in septic shock patients (31) . Although DEX treatment failed to increase or decrease the antiinflammatory mediators between either P-LIVE or P-DIE animals in the salinetreated group P-DIE, the circulating concentrations were significantly higher compared with saline-treated mice P-LIVE. Thus, the anti-inflammatory mediators mirrored the changes observed in the proinflammatory mediators with higher levels present in those mice P-DIE.
DISCUSSION
We sought to experimentally verify whether targeting sepsis subgroups offer a better therapeutic strategy compared with indiscriminate treatment of an entire experimental population. In our studies, a more uniform subpopulation was established by clustering animals based on their immediate risk of death using plasma IL-6 as a predictor (14) . The potential applicability of circulating IL-6 to direct sepsis therapy has been tried in two randomized, placebo-controlled, clinical trials (26, 32) using an anti-TNF Ab as the therapeutic intervention. These studies used a rapid IL-6 detection test strip with a detection limit of 1000 pg/ mL. In both studies, patients who were IL-6 positive had significantly greater mortality than the IL-6 -negative patients, indicating that the IL-6 level prospectively stratified patients appropriately. The first reported study with 994 enrolled patients did not show a significant decrease in mortality with the anti-TNF treatment (32) . However, a larger study with 2634 patients did show statistically decreased mortality with the anti-TNF Ab (26) . Both these clinical trials validate the use of IL-6 as a biomarker to stratify patients for sepsis interventions, although the appropriate therapeutic intervention still needs to be defined. Although our protocol using elevated biomarker levels to predict death allows accurate, targeted therapeutic intervention, the underlying mechanism of mortality remains unknown. Thus, though homogeneous by expected outcome, the subpopulation P-DIE may still remain heterogeneous from the mechanistic point of view. To partially correct this shortcoming, the prediction model was applied only in the period of early sepsis associated with systemic inflammatory response syndrome. By predicting death only within the acute phase of the disease characterized by a uniform immunoinflammatory response (featuring elevation of both proinflammatory and anti-inflammatory cytokines), it may be assumed that most of the early deaths are driven by analogous (hyper) inflammatory dynamics. Our treatment approach is clinically relevant given that the first DEX dose was given after mortality was determined and preceded predicted mortality by approximately 40 hours.
The application of high-dose corticosteroids in endotoxin models of acute inflammation consistently showed that inhibition of key proinflammatory mediators such as TNF-␣, IL-1␤, and IL-6 correlated with improved survival (33, 34) . However, when extrapolated to the clinical setting, corticosteroids have not conferred any benefit to septic patients (35, 36) .
It has been recognized that the endotoxin model does not adequately recapitulate the multifaceted features of human sepsis (37) . Whether the current findings derived from the more appropriate CLP sepsis model bear more weight with regard to the clinical situation remains to be verified. Although adequate in abdominal, polymicrobial sepsis, our treatment strategy may fail in cases/models triggered by a single microorganism and in different organs. In the murine model of E. coli pneumonia, the efficacy of hydrocortisone therapy (no significant benefit) was not modified by the risk of death (38) . Interestingly, regardless of the hydrocortisone dose, all blood cytokines and white blood cells remained unchanged at 24 hours post-therapy.
Our study substantiates the concept advocating greater homogeneity among patients enrolled in clinical trials with immunomodulatory treatments and better patient homogeneity triggered the design of Corticosteroid Therapy of Septic Shock trial. The study defined consistent criteria for relative adrenal insufficiency in the critically ill, enabling identification of the ideal target subpopulation for replacement corticosteroid therapy (39) . This design was specifically adopted because patients with intact hypothalamicpituitary-adrenal (axis) function appeared to be adversely affected by such treatment (33) . Unfortunately, the treatment with low-dose glucocorticoids lacked benefit when directed toward the subpopulation with adrenal insufficiency (5) .
Despite the clear improvement in survival achieved by the new experimental design, the analyzed parameters did not reveal the actual mechanism(s) whereby DEX treatment benefitted the P-DIE subpopulation. Because the prognostic accuracy of our markers was not yet validated in our prospective stratification model, we elected not to kill animals for additional end points. However, these findings are no less important because they support a conclusion that inhibition of mortality occurs independent of the suppression of typical proinflammatory mediators such as TNF or IL-6. The lack of a clear connection between systemic cytokines and sepsis mortality has previously been reported in two separate studies where anti-TNF antibodies did not alter mortality (40, 41) . Furthermore, IL-6 knockout mice maintained their susceptibility to CLP mortality (42) . Similarly, CD14-deficient mice (43) demonstrated a two-to four-fold decrease in both proinflammatory and anti-inflammatory cytokines, but no difference in CLP-induced mortality. Depending on interpretation, clinical evidence could also be viewed as indirectly supportive: 1) none of the phase III trials aimed at reducing sepsis mortality by neutralizing either TNF-␣ or IL-1 succeeded (44) and 2) a number of studies reported that the majority of septic patients had undetectable levels of TNF and IL-1␤ in their blood (24) . 
